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CHEMICALLY ACTIVE CERAMIC COMPOSITIONS
WITH A THIOL AND/OR AMINE MOIETY

FIELD OP INVENTION

5

The present invention relates to novel chemically

active ceramic compositions and their preparation and use

for removing metal ions from solutions, especially aqueous

waste streams

.

10

BACKGROUND OP THE INVENTION

Many industries utilize heavy metals and/or rare

earth metals in their manufacturing processes. Such use

15 typically results in liquid (generally aqueous) waste

streams that contain residues of the rare earth or heavy

metals utilized in the given manufacturing process. For

example, the waste streams resulting from electronics,

electroplating, and photographic processes typically contain

20 metal ions such as copper, nickel, zinc, chromium (III)

,

chromium (VI) , cadmium, aluminum, lead, antimony, silver and

gold, amongst others in various aqueous solutions such as

sulfates, chlorides, fluoroborates and cyanides. Because of

the potential adverse effect of such substances on health

25 and the environment, the removal of rare earth metals and

heavy metal ions from aqueous waste streams is a problem of

continuing significance.

For the purposes of the present invention, heavy

metals will be defined generally as elements having atomic

30 numbers greater than 20, as defined by the Periodic Chart of

the Elements and are metallic at ambient conditions. Rare

earth metals are defined as those heavy metals having atomic

numbers 57 through 71 inclusive. Actinides are those heavy

metals having atomic numbers greater than 89. For example,

35 aluminum, arsenic, antimony, copper, nickel, zinc, chromium,

cadmium, mercury, platinum, palladium and gold are all heavy
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metals typically found in the waste stream of common

manufacturing processes. In addition, cesium and strontium

(and other radioactive metals) are found in aqueous waste

streams in the nuclear industry.

5 The conventional and predominant method of

treatment of the waste streams described above is the

precipitation of the metal ions in the form of hydroxides or

carbonates. That method of removing heavy metals is largely

undesirable because it results in a sludge that is difficult

10 and/or expensive to remove and separate from the waste

stream. Furthermore, the recovered sludge is typically

deposited in a hazardous waste site, raising additional

environmental concerns. Finally, it is difficult to

separate the individual metal from the resultant sludge for

15 recycling back into the manufacturing process. Other

recovery methods include evaporation, reverse osmosis, ion

exchange, electrolytic metal recovery, and solvent

extraction. These methods, however, have varying levels of

success and do not typically allow for the quick and

20 inexpensive separation and removal of the individual metals

from the waste streams.

Another common technique for the separation and

recovery of rare earths is solvent extraction. However, the

main difficulty in a solvent extraction recovery process

25 arises from the low concentration at which these metal ions

exist in the aqueous stream generated from

hydrometallurgical processes. Also, the identical

complexing behavior of all the rare earths due to their

similar ionic sizes and chemistry limits the ability to

30 separate out the individual rare earth metals from the

sample collected in the solvent extraction process. See

Nakamura, Tachimori and Sato, 15 Journal of Nuclear Science

and Technology , 829-834 (1978)

.

A more recent method of removing metals from waste

35 streams features using compositions which include chelating
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agents that are bound to inorganic carriers. Chelating

agents, also known as multidented ligands, are compounds

which are capable of complexing with various metal ions in

solution where one chelation molecule has the capacity to

5 attach a metal ion at two or more positions. Those

chelating agents are molecules which contain one or more of

the same donor atom (e.g., "electron sufficient" atoms such

as oxygen, nitrogen, sulfur etc.) or two or more different

donor atoms through which coordinate and/or covalent bonds

10 are formed between the metal ion and chelating agent. One

such composition is disclosed in United States Patent No.

3,886,080 to Schucker et al. ("Schucker") . Schucker

discloses a composition in which a chelating agent has been

rendered immobile or insoluble by chemically coupling a

15 chelating agent, selected from a defined group of chelates,

by bonding the chelating agent to a silane coupling agent

using a diazo linkage. The silane coupling agent, in turn,

is bonded to the inorganic carrier.

The compositions defined by Schucker have many

20 disadvantages. Initially, the method of making the

compositions disclosed by Schucker inherently limits the

types of compounds that can be utilized in the composition.

For example, the only chelating agents that can be used are

those compounds having an unsaturated ring structure.

25 Furthermore, because the chelate and the silane coupling

agent are bound by a diazo linkage, it is obvious that only

compounds capable of forming such a linkage can be used to

produce the composition. Furthermore, the Schucker process

for making the compositions is a five step process. The

30 large number of steps required can result in decreased

capacities (i.e., the amount of metal the composition is

capable of chelating) due to the aggregate inefficiency of

the chemical reactions utilized to produce a given

composition. Lastly, the Schucker compositions are not

35 capable of separating individual metals and, therefore, are



WO 96/09985 PCT/US95/12327

4 -

not useful in metal recovery processes which seek to recycle

individual metals back into the manufacturing process from

which they came. Accordingly, there exists a need for more

cost efficient processes for the separation and removal of

5 heavy metal and/or rare earth metals from waste streams by

producing compositions having a variety of chelating agents

which are specific and selective toward desired metal ions.

SUMMARY OF THE INVENTION

10

The present invention relates to chemically active

ceramic compositions for separating heavy metal ions from

solutions, especially aqueous waste streams. More

particularly, the present invention relates to novel

15 compositions that have very high capacities for chelating

heavy and/or rare earth metals and can be readily designed

to selectively remove individual metals. Furthermore, the

present invention relates to methods of making and using

those compositions

.

20 One embodiment of the present invention comprises

a composite material having the formula:

R 2— Si R 4 (I)

25
|

Ri

wherein at least one of R
a
-R3 is SUPPORT-O- and other of Rj-R3

are the same or different and are unsubstituted or

halosubstituted alkyl groups having 1-5 carbon atoms and R4

30 is

-^'CH 2
)^S—(CH^^SH

9

f(j
.CH 2 SH

o r

35
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-<CH*>T 0—

(

CH«—
«j

H CH—O^-CH,—CH— IjH,

SH SH SH SH

5 in the formula above, a is an integer from 1-20, b is
t

an

integer from 2-8, c is an integer from 0-5, and d is an

integer from 1-5.

A second embodiment of the present invention

comprises a composite material which contains the compounds

10 of the following formulae:

R 42 .
-
R ' 3

\ /
S i

/
R«1 R44

15
and

R" \ /"'
s i

/ \
20 R^i

7
R44 -

wherein

at least one of R41-R43 and one of R41 .-R«. are

SUPPORT-O-

25 R44 is - (CH2 ) a {S- (CH2 ) b 3- cSH,

R44 , is an amine; and

other of R41 -R43 and R41 .-R43 .
are the same or

different and are unsubstituted or halo- substituted alkyl

groups having 1-5 carbon atoms, R44 or R44 ..

A third embodiment of the present invention

comprises a composition having the formula:
30

35
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J"R, 2 Si Rio

R,

(II)

wherein

and R12 is

1) at least one of R9/ R10 or R„ is SUPPORT-0

10

N' R 15

R,6

15

wherein:

a) R13 is

i) an unsubstituted or lower aryl or
lower alkyl substituted saturated hydrocarbon chain having

20 1-20 carbon atoms,

R 2 o
R

1 7

\ /

ii) <o. I'CH,

Ri 9 Rt a

wherein R17 -R20 are the same or different and are -H or

-(CH2 ) fCH3# where f is an integer of 0-20 and e is an integer
of 1-5, or
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iii) (CH 2 )
fl

N (CH 2 ) h

R21

wherein R21 is -(CH2 ) mCR2 ,

and g is 1-10, h is 1-10, j is 1-20, k is 1-5, m is 0-10 and

X" is a chlorine, bromine or iodine ion;

b) two or three of R14 ,
R15 and Rl6 are

10 -(CH2 ) mCH 3 ,

and other of R14 ,
R15 and R16 are H; and

15 2) other of R9 ,
R10 , and Rn are R12 , or

unsubstituted or halo- substituted alkyl groups having from 1

to 5 carbon atoms.

A fourth embodiment of the present invention

comprises a composite material having the formula:

20

M'l)

25 wherein one or both of R7 and R8 is SUPPORT-O- and the other

of R5 , R6 , Rn and R8 are the same or different and are

monoamines or polyamines, wherein a nitrogen is bonded to

said Ti atom.
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The invention also includes a method of removing

heavy metal ions from a liquid stream, such as an aqueous

waste stream, comprising the step of contacting the stream

with a composite material of the present invention under

5 conditions effective to complex heavy metal ions onto the

composite material

.

BRIEF DESCRIPTION OF THE DRAWINGS

10 FIG. 1 is a flow chart of the process for

separation and recovery of heavy metal ions with chemically

active ceramic compositions.

FIG. 2 is a flow chart illustrating the process of

the invention by using different inventive compositions in a

15 series of multiple adsorbent beds for metal ion separation

and/or metal recovery

.

FIG. 3 illustrates the relationship between the

ratio of cadmium ion concentration in an effluent stream to

the cadmium ion concentration in a feed stream versus the

20 bed volumes passed through a column of a composition

prepared according to the present invention.

FIG. 4 illustrates the relationship between the

cadmium ion concentration in an effluent stream versus the

bed volumes of a strip solution passed through a column of a

25 composition prepared according to the present invention

which is initially loaded with a known amount of cadmium.

FIG. 5 illustrates the ratio of the respective

zinc, cadmium and lead ion concentrations in an effluent

stream to the respective zinc, cadmium and lead ion

30 concentrations in a feed stream versus the bed volumes

passed through a column of composite materials prepared

according to the present invention.
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DETAILED DESCRIPTION OP THE INVENTION

The present invention relates to novel

compositions that have very high capacities for chelating

5 heavy and/or rare earth metals and can be readily designed

to selectively remove individual metals. Furthermore, the

present invention relates to methods of making those

compositions and of using them for removing metal ions from

solutions and, especially, from aqueous waste streams.

10 The ceramic inorganic carriers useful to prepare

the compositions of the present invention are those ceramic

materials having terminal hydroxy groups. For example,

alumina, titanium oxide, zirconium oxide, and silica- alumina

are all useful in the compositions of the present invention.

15 Silica gels are preferred due to the high density of hydroxy

groups per unit surface area, higher overall surface area,

and varying particle size. The silica gels preferred for

use in the present compositions are in the form of particles

(e.g., beads) having a diameter generally in the range of 3

20 mesh (about 0.635 cm) to 270 mesh (about 53 fim) ,
Tyler Sieve

scale. Most preferably, the silica gel beads used in

accordance with the present invention have a diameter in the

range of 14 to 270 mesh, have surface area of about 350 to

600 m2/gm and pore sizes (diameters) of about 40 to 150

25 angstroms. For the purposes of the present invention, the

inorganic carrier portion of the inventive composite

materials shall hereafter be designated "SUPPORT".

According to the present invention, chemical compounds used

as linking groups (i.e., groups which attach the chelating

30 agent to the support) provide a linking chain between the

chelating agent and the support to effect covalent bonding.

This linkage is achieved by covalently bonding one end of

the linking group to the support and another end of the

linking group to the chelating agent. In the former case,

35 the covalent bond is formed after removal of the hydrogen
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from the hydroxyl groups of the support. The covalent
bonding site on the support is designated herein as

"SUPPORT-0-". In one embodiment of the present invention,
the composite material useful for removing heavy metals from

5 waste streams has formula (I) below:

R 2— Si R 4 (|)

10 R
'

wherein at least one of Ra -R3 are SUPPORT-O- and the other of
R

a -R3 are the same or different and are unsubstituted or
halosubstituted alkyl groups having 1-5 carbon atoms and R4

is

15

20

^CH^s—(CH 2 ) b
}-SH

CH 2 SH

o r

—-(CH 2 )^-0 —(CH 2
j
H_t

|

H
°^T~ CH2 CH CHz

SH SH SH SH

a is an integer of 1-20, b is an integer of 2-8, c is an
integer of 0-5 and d is an integer of 1-5. Particularly

25 preferred thiol -containing composites are obtained when R1 -R3

are each SUPPORT-0- and R4 is either (CH2 ) 3 -SH or (CH2 ) 3
-0-

CH2CHSHCH2SH.

In accordance with the present invention, the

thiol -containing composite described by formula (I) above is

30 produced by covalent attachment of the thiol group of a

thiol -containing silane coupling agent on the surface of an

inorganic carrier. Covalent attachment can be accomplished,

for example, by refluxing a solution of the thiol -containing

silane with the inorganic carrier under heat for about 16-20

35 hours. A preferred synthesis includes first suspending
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about 20.0 g of 70-270 mesh silica gel in a thiol

-

containing- silane in solvent (e.g., toluene) solution having

a concentration of about 50 volume percent ("v/v%") . The

silane mixture is refluxed at about 75°C for a time

sufficient to effect covalent bonding of the thiol (e.g.,

about 15-20 hours) . Example 1 below further illustrates an

exemplary synthesis of inventive compositions according to

Formula I

.

Exemplary thiol -containing silanes include

mercaptoalkylsilanes (e.g. , (3-mercaptopropyl) triethoxy

silane, and (3-mercaptopropyl) trimethoxy silane). Various

solvents such as benzene, toluene, xylene, hexane, or

cyclohexane can be used to prepare a solution of the

mercaptoalkylsilane. A preferred mercaptoalkylsilane

solution is 10 to 50 volume percent

(3-mercaptopropyl) triethoxy silane in toluene.

The thiol -containing composite materials of the

present invention can be used to remove a variety of heavy

metals from waste streams including, for example, cadmium,

lead and zinc. The thiol -containing composites are

particularly selective for cadmium and are able to remove

cadmium from waste streams. With regard to lead, the thiol

-

containing composites will remove lead most effectively at

pHs greater than 5.0, preferably greater than 6.5. In

addition, the thiol -containing composites can remove copper

selectively from waste streams containing, for example,

copper and nickel. Consequently, the thiol composites of

the present invention are particularly effective in treating

waste streams containing low concentrations of cadmium

(i.e., anywhere from 1.0 to 200 parts per million (
nppm"))as

well as waste streams containing higher concentrations. If

the waste stream is to be buffered to attain and/or maintain

optimum operating pHs, any conventional buffering system

(e.g., acetic acid/ammonium hydroxide, potassium hydrogen

phthalate/sodium hydroxide, tris (hydroxymethyl) aminomethane/
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hydrochloric acid) can be utilized. Likewise, pH adjusting

agents (e.g., ammonium hydroxide, hydrochloric acid) can be

used to adjust the fluid stream pH.

In another embodiment, a chelating composition is

5 prepared by covalent attachment of both a thio and an amino

group on the surface of a inorganic carrier. Chemically

active ceramic compounds having both a thio and amino group

on the surface of an inorganic carrier have the following

formulae

:

10

15

20 wherein

at least one of R41 -R43 and one of R4a .-R4 3. are

SUPPORT- 0-

R44 is - (CH2 ) a -fS- (CH2 ) b} cSH, wherein a is an integer

from 1-20, b is an integer from 2-8 and c is an integer from

25 0-5.

R44 . is an amine; and

other of R4i~R43 and R41 ,-R43 , are the same or

different and are unsubstituted or halo- substituted alkyl

groups having 1-5 carbon atoms, R44 or R44 ,.

30 For example, a mixture of one mercaptoalkylsilane

(e.g., 3-mercaptopropyl-triethoxy silane, 3-mercaptopropyl-

trimethoxy silane, etc.) and one aminoalkyl silane (e.g.,

3-aminopropyl-triethoxy silane, 3-aminopropyltrimethoxy

silane, etc.) can be prepared in equimolar concentration in

35 suitable solvents (e.g., benzene, toluene, xylene, hexane,
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cyclohexane) to have equal surface coverage of both thio and

amino groups on the surface of the support or in different

ratios to vary the surface coverage of the thiol and amino

groups on the support. The relative ratio of the thiol and

5 amino groups on the inorganic carrier can be used to control

the selectivity of the individual composition.

It has been discovered that amine -containing

compounds as disclosed in the present invention are

particularly selective for copper ions in waste streams.

10 Accordingly, the thiol /amine composite materials can be

prepared in such a way to maximize removal of heavy metals

according to the concentration of heavy metals contained in

a given waste stream. Although ligands containing either

nitrogen or sulfur can form strong complexes with heavy

15 metal ions, they do not seem to have good selectivity. For

example, if a waste stream contained relatively large

amounts of copper and small amounts of cadmium, a composite

material containing a relatively large amount of amine and

relatively smaller amounts of thiol could be prepared by

20 modifying the molar quantities of the precursor materials

used in preparing the composites. The optimum operating pH

for the thiol /amine composites will depend on the relative

ratios of amine and thiol on the material. Generally, the

thiol/amine composites should be used in liquid streams

25 having a pH in the range of about 2 to 10.

One advantage of the thiol and thiol /amine

composites of the present invention is that, once saturated,

the composite material can be quickly, easily and

inexpensively regenerated (i.e., stripped of accumulated

30 heavy metal ions) . Simple regeneration of the materials

provides three important advantages: (1) it facilitates

reuse of the composite material, (2) avoids creation of

voluminous amounts of heavy metal laden sludge that must be

buried or otherwise stored, and (3) allows recapture of the

3 5 excess heavy metal for recycling back into the original
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10

manufacturing process. Regeneration of the thiol composites

can be accomplished by treating the materials with dilute

mineral acids (e.g., hydrochloric acid, nitric acid,

sulfuric acid, perchloric acid, acetic acid, formic acid)

.

A preferred method of regenerating the thio composite

materials is by contacting the material with approximately

0,05 M hydrochloric acid.

In another embodiment of the present invention,

composite materials useful for removing heavy metals from

waste streams are produced using amine salts as chelating

agents. Amine salt -containing composites according to the

present invention have formula (II) below:

Br

15 R, 2 S i R,
<

Ml)

20

wherein

and R12 is

R 9

1) at least one of R9 , R10 or R1X is SUPPORT -0

25 wherein:

Ri.

a) R13 is

i) an unsubstituted or lower aryl or

lower alkyl substituted saturated hydrocarbon chain having

1-20 carbon atoms,

30
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R19 Ria

wherein R17-R20 are the same or different and are -H or

-(CH2 ) fCH3/ where f is an integer from 0-20 and e is an

integer from 1-5, or

iii) — (CH 2 ),— N— (CH 2 )„
—

H X'

wherein R21 is - (CH2 ) mCH3 ,

(CH 2 ) k
—<(^N 0( (CH,) k

—<^Q>)

10 and g is 1-10, h is 1-10, j is 1-20, k is 1-5, m is 0-10 and

X' is a chlorine, bromine or iodine atom ion;

b) two or three of R14 , R15 and R16 are

-(CH2 ) mCH 3 ,

15 CH,

and other of Ra4 , R15 and R16 are H; and

2) other of R9 ,
R10 and RX1 are Rl2 or

unsubstituted or halo-substituted alkyl groups having from 1

20 to 5 carbon atoms.
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Preferred amine -salt containing composites

generically described by the above formulae include propyl

-

tributylammonium chloride , propyl - trimethylammonium

chloride, propyl -triethylammonium chloride, propyl

-

5 dibutylammonium hydrogen chloride attached to a silica gel

support

.

The amine salt composites of the present invention

are produced by covalent attachment of a quaternary ammonium

or tertiary ammonium functional group via several routes.

10 One such route, for example, requires reacting inorganic

carrier with a quaternary ammonium organofunctional silane

(e.g., (triethoxy) silylpropyl trimethylammonium chloride,

(trimethoxy) silylpropyl trimethylammonium chloride).

Another route of covalently attaching the quaternary or

15 tertiary ammonium compound is by reacting inorganic carrier

with a silane (e.g., 3 -chloropropyl- trimethoxy silane,

3 -chloropropyl-triethoxy silane) . Next, the modified

inorganic carrier is reacted with a di- or tri- alkylamine

(e.g. , triethylamine, tripropylamine
, tributylamine,

20 dibutylamine, dipropylamine, chloromethyl pyridine) to

produce a tertiary or quaternary ammonium functional group

on the modified inorganic carrier of different carbon chain

length, size and hydrophobicity depending on the selection

of the appropriate reagents. For example, a tertiary or

25 quaternary ammonium functional group can be prepared by

varying the carbon chain length attached to the nitrogen

atom in the respective functional group by reacting, for

example, a chloro-alkyl modified inorganic carrier with

trialkyl or dialkylamine . That type of amine salt, with

30 larger carbon chain length, will have a larger cation which

has the tendency to form ion pairs with larger anionic heavy

metal ions or anionic complexes of heavy metal ions (e.g.,

HCrCY, HMoO/, SbCl 6
~)

. On the other hand, amine salts with

smaller carbon chain lengths will have a tendency to form

3 5 ion pairs with other smaller size anionic complexes of heavy
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metal ions (e.g., CdCl 3
-, CdCl/ 2

,
Zn(CN) 4

* 2
,

Cu(CN) 2
'). The

specificity of tertiary or quaternary ammonium functional

groups is dependent on the charge to size ratio of heavy

metal ions. Also, tertiary or quaternary ammonium

5 functional composites can be prepared by varying the number

of nitrogen atoms within a given carbon chain length (for

example, triethylene tetramine, diethylene triamine) to

facilitate multiple charges on one chain. These types of

amine salts are specific for removal of highly charged ions

10 (e.g., Cr2CV
2

, Tc(V\ PbCV 2
,
Fe(CN) 6

" 4
,
Fe(CN) 6

- 3
).

The amine salt composites of the present invention

can be used at a variety of pHs but have an optimum

operating pH in the range of about 2 to 8 . The amine salt

composites can be used to selectively remove heavy metal

15 ions such as lead, zinc, cadmium, copper, palladium,

platinum, chromium (VI ) ,
molybdenum (VI ) ,

antimony (V) .

Alternatively, composites according to the present

invention can be produced by first coating an inorganic

carrier with a titanium- containing compound (e.g.,

20 titanium (IV) chloride, titanium (IV) ethoxide, or

titanium (IV) propoxide) . In a preferred embodiment,

inorganic carrier is titanized by reacting it with an

approximately 20 volume percent solution of titanium (IV)

chloride in, for example, dry hexane. The reaction is

25 carried out under mild heating for 4 to 6 hours.

It has been unexpectedly discovered that the

titanized inorganic carrier can then be used directly (i.e.,

without a group linking the chelating agent to the

substrate) as a substrate for an amine or amine salt as a

30 chelating agent. If an amine is to be attached to the

titanized substrate, the titanized inorganic carrier is then

further reacted with an amine by stirring the mixture in a

vessel with a refluxing condenser to chemically immobilize

the amine. Immobilization of the amine is, essentially,

35 affixing the chelation molecule to the titanized silica
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surface either by physical or chemical linkage. Chemical

linkage can involve covalent attachment through carbon-

carbon, carbon-nitrogen, or carbon-sulfur bonds, for

example, to the titanized surface of the substrate.

5 Physical linkage involves intermolecular forces such as van

der Waals', or dipole-dipole interactions. Exemplary amines

include 1, 4-diaminobutane, ethylene diamine, n-ethylethylene

diamine or n-butylamine . Most preferably, n-butylamine can

be used to produce butylamine immobilized titanized

10 inorganic carrier. Exemplary amine salts include the amine

salts described above.

If an amine salt is to be attached to the

titanized substrate, a covalent attachment mechanism such as

the one described above relative to non-titanized substrates

15 can be used.

Composite materials prepared on titanized

substrates and including an amine as a chelating: agent

according to the present invention have formula (III) :

20

(IN)

wherein one or both of R7 and R8 is SUPPORT-O- and other of

25 R5 , R6 , R7 and R8 are the same or different and are selected

from the group consisting of monoamines or polyamines,

wherein a nitrogen is bonded to said Ti atom. Preferably,

the R groups that do not constitute the support and oxygen

linkage each are polyamines having the formula -NH- [ (CH2 ) aa
-

30 NH] bb - (CH 2 ) aa -NH2 , wherein aa is an integer from 1-10 and bb is

an integer from 0-20. Most preferably, two of R5 , R 6 ,
R 7 and

R8 constitute the support and oxygen linkage and the

remaining R groups are each a polyamine having the formula -

NH- [ (CH2 ) aa -NH] bb - (CH 2 ) aa -NH2 . In particularly preferred
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embodiments, the polyamines attached to the remaining R

groups are the same

.

Monoamines and polyamines useful in preparing

composite materials according to the present invention

include butylamine, pentylamine, hexylamine, butylene

diamine, triethylene t'etraamine and pentaethylene hexaamine.

Composites prepared using titanized substrates and

amine salts as chelating agents according to the present

invention have formula (IV)

:

R 2 <

122

*23

( IV)

wherein:

1) one or both of R24 and R25 is SUPPORT-0- and

other of R22 ,
R23 ,

R24 and R25 are the same or different and

are

R 3! B 2 .

a) ^26 -N
#

R 2a

R 29

i) R26 is

a) an unsubstituted or lower aryl

or lower alkyl substituted saturated hydrocarbon chain

having 1-20 carbon atoms, or
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wherein v is 0-5 and w is 1-5 and R30 -R33 are the same or

different and are -H or -(CH2 ) dCH3 wherein d is 0-20, or

C) (CH 2 ) p -f-N (CH 2 )„

5 wherein R34 is

(CH 2 )„CH S
.— (CH 2 ), o r

10 — (ch
2 i,
—(cy

wherein p and q are the same or different and are 1-10, r is

1-20, t is 1-5 and X* is a chlorine, iodine or bromine ion;

and

15 ii) R3S and two of R27 , R2e and R29 are

(CHjl.CH,. (CH 2 ) t (( VN 0(

20 — (ch 2 ),
—(Cy)

and other of R27 ,
R28 and R29 are H; or

*35

b) N R 36

H*X'
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wherein R35 is as defined above and R3S is

i) an unsubstituted or lower alkyl or

lower aryl substituted, saturated hydrocarbon chain having

1-20 carbon atoms; or

5

^32 R$i

wherein R30-R33 and R37 are the same or different and are -H or

-(CH2 ) UCH 3
wherein u is 0-20.

Preferred compositions of the compound described

by Formula (IV) are:

10

[SUPPORT— 0] 2
T

CH
2 1 2

CH 3

N (CH
? ) 4

N (CH
2 ) 2

CH
3

H*X' H*X" J 2

15 or

[SUPPORT— 0] 2 Ti

20

H X'

N (CH 2 ), CH a

(CH 2 ) 2 CH 3

The compositions of the present invention have the

capability of removing, in a selective manner, heavy metal

ions in dilute solutions from aqueous streams. The

25 compositions of the present invention in general can be used

for removal from aqueous streams heavy metals such as

antimony, arsenic, beryllium, cadmium, chromium, copper,

lead, mercury, nickel, selenium, silver, thallium, tin,
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zinc, molybdenum, palladium, platinum, silver, gold, cobalt,
technetium, rhenium and rare earth metals such as cerium,

neodymium, and praseodymium.

Typically, the compositions of the present

5 invention are placed in packed beds or fluidized beds and

the waste stream is passed through the bed. The

compositions act to chelate with the unwanted metal ions,

even if the ions are present in only dilute concentrations.

Examples of useful beds for the chelating compositions

10 described herein are found in U.S. Patent Nos . 4,824,576 to

Sood et al . and 4,448,694 to Plueddemann, the disclosures of

which are hereby incorporated by reference.

The compositions of the present invention can be

used for removal and recovery of heavy metal ions by a

15 variety of methodologies as outlined by FIGS. 1 and 2. FIG.

1 is a process outline for separation and recovery of metal

ions with chemically active inorganic carriers. FIG. 2 is a

flow sheet illustrating the process of the invention by

using a series of multiple adsorbent beds for metal ion

20 separation and/or metal recovery.

The process of metal ion removal of the present

invention contemplates several modes of operation. Many

factors are considered in choosing the appropriate

methodology, including the composition of the aqueous stream

25 to be treated, the industrial process through which the

contaminated aqueous stream is generated, the desired

purification level of the aqueous stream, the degree of

separation of metal ions from the waste stream desired, and

the end use of the effluent from the bed.

30 In one embodiment of the present process, an

operation mode can be employed to remove all metal ions

simultaneously from an aqueous stream containing multiple

metal ions by passing the stream through a single adsorbent

packed bed or fluidized bed containing a composition

35 according to the present invention. The column breakthrough
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volume (i.e., volume at which a minimum threshold

concentration of metal ions in the effluent is exceeded) can

be determined by monitoring the metal ion concentration in

the effluent with an atomic absorption spectrophotometer,

5 flow injection analysis, ion selective electrodes, or other

known methods of metal ion concentration analysis and/or

monitoring pH of the effluent.

The loaded column (extent of column saturation

when breakthrough volume occurred) can be regenerated by

10 desorbing the adsorbed metal ions from the column. The

adsorbed metal ions can be recovered simultaneously by, for

example, stripping all metals from a bed of chemically

active silica gel with mineral acid (e.g., nitric acid,

hydrochloric acid), as discussed supra. Upon regeneration,

15 the chemically active inorganic carrier bed can be used for

the next operation. The metal ion concentrate obtained

during regeneration can be used to recover metals present by

any one of two techniques or the metals can be disposed of

as a sludge as illustrated in FIG. 2. In the first recovery

20 method, the metals are recovered by electrolysis. The

second method involves recycling the metal concentrate back

to the process which first generated the polluted aqueous

stream. In the third method, the metals can be precipitated

to form sludge which can subsequently be disposed of in an

25 environmentally safe manner.

In accordance with the present invention, it has

been unexpectedly discovered that the efficiency of the

removal process relative to certain metal ions is dependent

on the pH of the waste stream. Therefore, as shown in FIG.

30 2, the pH of the waste stream can be advantageously adjusted

if necessary (depending on the composite material used)

.

This process operation is typically performed by buffering

an aqueous stream entering the bed of chemically active

ceramic composition. Alternatively, instead of employing a

35 buffer solution, it is possible to use a dilute ammonium
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hydroxide solution to simply adjust the pH of an acidic

aqueous stream entering the packed or fluidized bed of

chemically active inorganic carrier. In that case, because

the inventive materials are acidic in nature and release

5 protons when they absorb metal ions, the pH of the effluent

stream decreases as additional bed volumes pass through the

bed. The pH of effluent stream decreases and reaches a

minimum value whereby it becomes acidic. The inventive

materials have a preferred pH band at which the adsorption

10 efficiency for each metal ion is maximized. A pH below that

pH is defined as acidic for the purposes of the present

invention. At that pH, the adsorption of metal ions on the

composite bed has been found to decrease. That point is

termed the "breakthrough point" and can be determined by

15 monitoring the pH of the effluent stream or by monitoring

the metal ion concentration in the effluent aqueous stream.

At the breakthrough point, the flow of aqueous

stream through the bed can be stopped, and the bed can be

made operational again by passing one or more bed volumes

20 (i.e., an amount of fluid equal to the volumetric fluid

capacity of the bed) of buffer solution through the bed.

Buffering the column reestablishes the initial pH and

extends the adsorptive life of the column and allows its use

for the adsorption of metal ions until the column approaches

25 its adsorption capacity (i.e., the point at which

substantially all of the available sites for chelation of

heavy metal ions are occupied) as determined by the

breakthrough volume.

Adjusting the fluid stream pH with ammonium

30 hydroxide (rather than using a buffer at the start) is

highly advantageous because it decreases the cost of

operation and minimizes the contamination of the effluent

aqueous streams with buffer solutions, enabling

environmentally safe disposition of the effluent . It is
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also possible to determine the breakthrough point by simply

monitoring the pH of the effluent stream.

In another embodiment of the present process, all

the metal ions in a waste stream containing more than one

5 type of species of metal ion can be simultaneously removed

by passing the waste stream through the single bed of

chemically active inorganic carriers.

The selectivity of the inventive materials is

highly advantageous. For example, a single metal ion from

10 the aqueous stream containing multiple metal ions can be

removed by passing the stream through a single packed or

fluidized bed of the inventive composite materials where

removal, recycling or disposal of only one metal ion is

desired. The adsorbed metal ion can be desorbed from the

15 bed of chemically active inorganic carrier with mineral

acid. For example, a composite material as described above

can be used to remove cadmium from the aqueous stream

buffered to a pH 6.5 and containing lead, calcium and

magnesium. The adsorbed cadmium can be recovered by

20 stripping with dilute mineral acids, and the regenerated bed

can be utilized for the next operation. The metal ion

concentrate can be used to recover, recycle or dispose of

lead using techniques such as electrolysis, recycling and

precipitation, as discussed above.

25 The selectivity exhibited by certain of the

compositions of the present invention is also highly

advantageous due to the high concentration of metal ions

such as calcium and magnesium present in typical waste

streams that do not need to be removed. In conventional

30 heavy metal -removing beds, nonselective materials remove

calcium or magnesium ions (as well as the heavy metal

contaminants) and become quickly saturated due to the high

concentration of magnesium and calcium in most aqueous waste

streams. The bed must then be frequently regenerated (if

35 possible) or replaced. On the other hand, the inventive
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composite materials selectively remove only the target heavy

metal ions (e.g., lead, cadmium). Therefore, the composite

material does not become as quickly saturated and can be

used for longer periods without regeneration or replacement

.

5 As noted more specifically in the Examples {infra) certain

of the inventive materials (e.g., the thiol-containing

composites) are capable of removing heavy metal ions for up

to 250 (or more) bed volumes and have extraordinarily high

adsorption capacities for cadmium.

10 In another embodiment of the process of the

present invention, metal ions can be separately and

specifically removed by adsorbing those metal ions on a

series of metal ion selective beds. As illustrated in FIG.

2, the metal ions can be removed in a sequential manner from

15 the aqueous stream containing a mixture of multiple metal

ions by passing the stream through the multiple beds where

each bed contains an inventive composite that selectively

removes one of the metal ions. The breakthrough point of

the beds can be determined by monitoring the metal ion

20 concentration in the effluent stream from the column by the

methods discussed supra. These multiple beds can then be

regenerated as described above and the metal ions removed

from the bed can be recycled or disposed of.

For example, copper can be removed from a waste

25 stream containing copper, lead, and/or cadmium by passing

the stream first through a bed of amine -containing

composites . The waste stream can then be conducted into a

second bed containing thiol-containing composites to remove

lead and/or cadmium. In that way the heavy metal ions are

30 separated from the waste stream and from each other and can

be easily recaptured and recycled in to the original

manufacturing process. Accordingly, the processes and

materials of the present invention can completely remove and

separate two distinct metal ions and facilitate maximum

35 utilization of the beds' relative capacities, thereby
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providing valuable increased efficiency in the metal ion

removal process.

The present invention is further described by the

following non-limiting examples.

5

Ejxample 1:

A 50 vol% solution of

(3-mercaptopropyl) -trimethoxy silane in toluene was

prepared. That solution was refluxed with silica gel beads

10 having a size of 70-270 mesh (surface area of about 500 m2/g

and pore size 60 angstroms) at 70-80°C for 16 to 20 hours.

The reacted silica gel was washed repeatedly with toluene

and acetone and dried at 50-60°C. The material prepared

according to this example is designated as Sample A.

15

Example 2:

A solution containing both y-aminopropyltrimethoxy

silane (29.8 vol%) and 3-mercaptopropyltrimethoxy silane

(27.7 vol%) in toluene was prepared. That solution was

20 reacted with silica gel beads having a size of 70-270 mesh

(surface area of about 500 mJ/g and pore size 60 angstroms)

by refluxing at 70-80°C for 10 to 12 hours. The reacted

silica beads were filtered, washed with toluene, methanol

and acetone and dried at 60-70°C. The composite beads

25 produced according to this example are designated as Sample

B.

30

Example 3:

The surface of silica gel beads having a size of

70-270 mesh (surface area of about 500 m2
/g and pore size 60

angstroms) was titanized by reacting silica gel with a 20

vol% solution of titanium (IV) chloride in dry hexane. The

reaction was carried out at 70-75°C for 4 to 6 hours. The

titanized silica gel was then reacted with n-butylamine by

35 placing the titanized silica gel beads in a 10 vol* solution
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of n-butylamine in hexane at 65-70°C for 4 to 6 hours. The
material prepared according to this example is designated as
Sample C.

The extraction efficiency of Sample C composites
5 for copper and nickel was determined by equilibrating 25 ml

of 200 ppm solution of copper and nickel at various pH with
1.0 g of Sample C. It was discovered that Sample C could
adsorb copper quantitatively (more than 99.9%) at pH 9.0
while no adsorption of nickel was observed. Also, adsorbed

10 copper can be recovered by desorbing adsorbed copper with
0.1 M sulfuric acid.

Example 4 :

A 25 vol% solution of ( triethoxy) silylpropyltri-
15 methyl ammonium chloride (silylating agent) in toluene is

prepared. Next, silica gel beads having a size of 70-270

mesh (surface area of about 500 m2/g and pore size 60

angstroms) were refluxed with the silylating agent solution
in a 16.6 vol% mixture of toluene in ethanol . The reflux

20 reaction was allowed to proceed at 70°C for 12 hours. The
refluxed silica gel beads were washed successively with
toluene, ethanol, water and acetone, and dried at 40°C. The
material prepared according to this example is designated as

Sample D.

25

Example 5:

Sample A beads were packed in a one centimeter

("cm") diameter column to a height of 10 cm. Aqueous

solution containing cadmium ions at a concentration of 200

30 parts per million ("ppm") were flowed throughout the packed
column at a flow rate of 1 milliliter per minute to provide
approximately 10 minutes of residence or contact time

between the solution and the chemically active silica gels.

The aqueous solution was buffered at pH 6.5 using acetate

35 buffer.
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The capacity of the chemically active silica gel

beads for a given metal ion was determined by performing

breakthrough studies on the packed bed. Accordingly, an

aqueous solution containing metal ions was passed through

5 the column at a flow rate of 1 ml/minute and the metal ion

concentration in the effluent from the column was determined

with an atomic absorption spectrophotometer. Thus., capacity

of the ceramic compositions was calculated from the total

amount of metal ion absorbed on the bed at saturation of the

10 bed.

The capacity of the packed column was determined

according to the procedures described above. The

concentration of the effluent was measured periodically to

determine the number of bed volumes that could be treated by

15 the packed column before the beads were saturated and no

longer removed the metal ion from the stream. The initial

capacity was calculated at the end of the first period of

saturation of the bed. Saturation is defined as a state

after which no more metal ions are adsorbed on the bed.

20 Thus, after saturation of the bed the concentration of metal

ion in the solution entering the bed (feed solution) is,

generally, equal to the concentration of metal ions in the

solution coming out of the bed (effluent solution)
.

The

packed bed saturated with metal ions was then regenerated by

25 stripping the metal ions from the packed bed using 4 bed

volumes of 0.05 molar hydrochloric acid at predetermined

concentrations. The combined sequence of saturation of the

bed with the metal ions from the feed solution and

regeneration of the bed by stripping the adsorbed metal ion

from the synthesized adsorbents in the bed is denoted as one

cycle of operation.

The fresh capacity of the Sample A beads (i.e.,

the capacity after one cycle of operation) for cadmium was

80.36 mg/g. After 20 cycles, the capacity of the Sample A

beads for cadmium was still an excellent 54.28 mg/g.

30

35
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FIG. 3 illustrates the relationship between the
ratio of metal ion concentration in the effluent stream to
the metal ion concentration in the feed stream versus the
bed volumes passed through the column. As shown by FIG. 3,

5 the packed column containing material of the present
invention was able to reduce the concentration of cadmium to
less than l ppm up to approximately 250 bed volumes. The
large number of bed volumes successfully treated by the
packed column of Sample A beads illustrates the excellent

10 capacity of the materials of the present invention. The
large number of cycles after which a high capacity still
remains illustrates the excellent durability of the
materials of the present invention.

As shown in FIG. 4, the packed column was fully
15 regenerated by washing the column with about 4 bed volumes

of 0.05 M hydrochloric acid. Upon regeneration, 98.7 weight
percent of the original cadmium that was removed from the
waste stream which passed through the bed was recovered from
the saturated beads.

20

Example 6 ;

Example 5 was repeated except that the fluid
stream contained 54.5 ppm zinc, 50.5 ppm lead, and 50.5 ppm
cadmium. FIG. 5 shows the relationship of the ratio of the

25 respective zinc, cadmium and lead ion concentrations in an
effluent stream to the respective zinc, cadmium and lead ion
concentrations in a feed stream versus the bed volumes
passed through the column of Sample A beads. As shown by
FIG. 5, the packed column of Example 6 was able to reduce

30 the concentration of cadmium, zinc and lead for up to 250
bed volumes to less than 1 ppm. Also FIG. 5 illustrates
that cadmium would be removed from the bed for an additional
330 bed volumes. However, the additional removal of cadmium
results in the desorption of zinc and lead from the bed.

35 Therefore, this example indicates that Sample A beads are
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more selective toward cadmium than to zinc or lead. That

characteristic of the Sample A material is advantageous if

it is desired to remove only cadmium from a solution

containing for example, cadmium, zinc and lead.

5 Although the present invention has been described

in detail for the purpose of illustration, it is understood

that such detail is solely for that purpose, and variations

can be made therein by those skilled in the art without

departing from the spirit and scope of the invention as

10 described by the following claims.
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WHAT IS CLAIMED IS:

1. A composite material suitable for removing

heavy metal ions from waste streams, having the formula

r
R 2— Si R 4 ( I 1

Ri

wherein at least one of R^Ra is SUPPORT-O- and other of Ra -R3

10 are the same or different and are unsubstituted or

halosubstituted alkyl groups having 1-5 carbon atoms and R4

is

15
-^H 2)^S—(CH 2\3t SH

, iOJ

—(CH 2 )^-0—(CH
2 CH CH 0^-CH 2 CH CH 2

SH SH SH SH

20

wherein

a is an integer from 1-20, b is an integer from 2-

8, c is an integer from 0-5, and d is an integer from 1-5.

25 2. A composite material according to Claim 1,

wherein only one of R1# R2 ,
R3 , is SUPPORT-O-

.

3 . A composite material according to Claim 2

,

wherein R4 is -(CH2 ) a -SH or - (CH2 ) d-0-CH2 -CHSH-CH2SH.

30

4. A composite material according to Claim 1,

wherein Rlf R2 and R
3 are SUPPORT-O- and R4 is -(CH 2 ) 3 -SH.

5 . A method of removing heavy metal ions from a

35 liquid stream comprising the step of contacting the stream
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with a composite material under conditions effective to

complex said heavy metal ions on said composite material,

said composite material having the formula

5

R 2— Si R« ID

R,

wherein at least one of R^Rj is SUPPORT-0- and other of R1-R3

10 are the same or different and are unsubstituted or

halosubstituted alkyl groups having 1-5 carbon atoms and R4

is

15

CH 2 SH

. o r

20

—(CH^O—(CH a CH CH O^CH,— CH CH 2

SH SH SH SH

wherein

a is an integer from 1-20, b is an integer from 2-

8, c is an integer from 0-5, and d is an integer from 1-5.

25 6. A method according to Claim 5, wherein only

one of Rlt R2 and R3 is SUPPORT-O-

.

7. A method according to Claim 6, wherein R4 is

-<CH2 ) a -SH or - (CH2 ) d-0-CH2-CHSHCH2SH.

30

8. A method according to Claim 5, wherein Rx , R2

and R3
are SUPPORT-O- and R4 is -(CH2 ) 3-SH.

9. A method according to Claim 8, wherein said

35 stream has a pH no less than about 3.5.
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10. A method according to Claim 8, wherein said

stream has a pH no less than about 6.5.

11. A method according to Claim 8, further

5 comprising the step of adjusting the pH of said stream to a

value above 6.5 before said contacting.

12. A method according to Claim 5, further

comprising removing complexed metal ions from said composite

10 material to regenerate said composite material

.

contacting step comprises flowing said stream through a

single packed or fluidized bed containing said composite

15 material for removal of a selected metal ion or metal ions

from said stream containing multiple metal ions, separating

a selected metal ion or metal ions from a plurality of other

ions including Ca(II) and Mg(II)

.

20 14. A method according to Claim 13 in which the

selected metal ion is Cd(II)

.

15. A method according to Claim 13 in which the

selected metal ion is Pb(II)

.

25

13. A method according to Claim 5, wherein said

selected metal

16. A method according

ion is Zn(II)

.

to Claim 13 in which the

17. A method according

ion is Cu(II)

.

to Claim 13 in which the

30 selected metal

18. A method according

ion is Ag (I)

.

to Claim 13 in which the

selected metal
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19. A method according to Claim 13 in which the

selected metal ion is Hg(II)

.

20. A method according to Claim 13 in which the

5 selected metal ion is Pd(II)

.

21. A method according to Claim 13 in which the

selected metal ion is Pt(II).

10 22. A method according to Claim 13 in which the

selected metal ion is As (III)

.

23. A method according to Claim 13 in which the

selected metal ions are Sn(II), Sn(IV), or mixtures thereof.

15

24 . A method according to Claim 13 in which the

selected metal ions are Au<I), Au(III), or mixtures thereof

.

25. A method according to Claim 5, wherein said

contacting step comprises flowing said waste stream through

a first packed bed containing said composite material and

then through a second packed bed containing said composite

material, wherein said first packed bed and said second

packed bed are arranged in series.

26. A method according to Claim 25, wherein said

first and said second packed bed contain different composite

materials exhibiting different metal ion removal

preferences.

27. A method according to Claim 25, wherein the

pH of said stream is adjusted after leaving said first

packed bed and before entering said second packed bed.
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28. A method of making a composite material

suitable for removing heavy metal ions from fluid waste

streams comprising the steps of

providing an inorganic substrate having

5 terminal hydroxyl groups;

providing a thiol -containing silane compound;

and

covalently attaching said thiol -containing

silane compound to the oxygen of said terminal hydroxyl

10 group.

29. A method according to Claim 28, wherein said

thiol -containing silane compound is selected from the group

consisting of mercaptoalkylsilanes and mercaptoarylsilanes

.

15

30. A method according to Claim 29, wherein said

thiol containing silane is 3-mercaptopropyl-trimethoxy

silane

.

20 31. A composite material suitable for removing

heavy metal ions from waste streams,

which material contains the compounds of the

following formulae:

25
H"\ /

R°

S i

and

\ /
S i

./ \

35 wherein
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at least one of R41 -R43 and one of R41 .-R43 . are

SUPPORT-0-

;

R44 is - (CH2 ) a - [S- (CH2 ) b-] cSH, wherein a is an

integer from 1-20, b is an integer from 2-8 and c is an

5 integer from 0-5.

R44 , is an amine; and

other of R41 -R43 and R4i.-R43 . are the same or

different and are unsubstituted or halosubstituted alkyl

groups having 1-5, carbon atoms, R44 or R44 ,.

said amine is selected from the group consisting of 1,4-

diaminobutane ,
ethylene diamine, n-ethylethylene diamine,

triethylene tetramine, n-butylamine, propyl amine, and

15 tetraethylene pentamine.

33. The composite material according to Claim 31,

wherein said R41 ,
R42 and R43 are SUPPORT-0- and R44 is -(CH2 ) 3

-

SH, and R41 ,, R42 , and R43 . are SUPPORT-0- , and R44 , is -(CH2 ) 3
-

liquid stream comprising the step of contacting the stream

with a composite material under conditions effective to

25 complex said heavy metal ions on said composite material,

said composite material containing the compounds of the

following formulae:

10

32. The composite material of Claim 31, wherein

20 NH

34 . A method of removing heavy metal ions from a

30 S i

R 4 1 R

and

35
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Si

5 wherein

at least one of R4I -R43 and one of R4X .-R43 r are

SUPPORT- 0-

;

R44 is - (CH2 ) a
- [S- (CH2 ) b -] cSH, wherein a is an

integer from 1-20, b is an integer from 2-8 and c is an

10 integer from 0-5.

R44 , is an amine; and

other of R41-R43 and R41 <-R43 < are the same or

different and are unsubstituted or halosubstituted alkyl

groups having 1-5 carbon atoms, R44 or R4«,.

15

35. A method according to Claim 34, wherein said

R41 , R42 and R, 3 are SUPPORT -O- ; R44 is -{CH2 ) 3 -SH; R41 ., R42 , and

R43 . are SUPPORT-O- ; and R44 , is -(CH2 ) 3 -NH2 .

20 36. A method according to Claim 34, wherein said

contacting step comprises flowing said stream through a

single packed or fluidized bed containing said composite

material for removal of a selected metal ion or metal ions

from streams containing multiple metal ions.

25

30

37. A method according to Claim 34 in which the

selected metal ion or metal ions present in said stream are

Cu(II), Pb(II), Cd(II), Hg(II), Ag(I), Au(I), Au(III),

Pd(II) or Pt(II) alone or in combination.

38. A method according to Claim 34, wherein said

amine is selected from the group consisting of 1,4-

diaminobutane ,
ethylene diamine, n-ethylethylene diamine,

triethylene tetramine, n-butylamine , propyl amine, and

35 tetraethylene pentamine.
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39. A composite material suitable for removing

heavy metals from waste streams said material having the

formula

:

Ti • II ID

B/
/Xx

R.

wherein

one or both of R, and R8 is SUPPORT-O- and

10 other of R5 , R«, R7 and RB are the same or different

and are selected from the group consisting of monoamines and

polyamines, wherein a nitrogen is bonded to said Ti atom.

40. A composite material according to claim 39,

15 wherein said other of Rs ,
R6 , R, and R8 are each a polyamine

having the formula -NH- [ (CH2 ) aa -NH) bb - (CH2 ) aa-NH 2 ,
wherein aa is

an integer from 1-10 and bb is an integer from 0-20.

41. A composite material according to claim 40,

20 wherein two of R5 , R6 , R7 and R8
are SUPPORT-O- and two of R 5 ,

R6 ,
R 7 and Re are the same.

42. A method of removing heavy metal ions from a

liquid stream comprising the step of contacting the stream

25 with a composite material under conditions effective to

complex said heavy metal ions on said composite material,

said composite material having the formula:

30

R. N
\ \

( ' " '

)

R*
v
R e

wherein

one or both of R7 and Re is SUPPORT-O- and

Rs , and R
fi

, and other of R7 and RB
are the same or

35 different and are selected from the group consisting of
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monoamines and polyamines, wherein a nitrogen is bonded to
said Ti atom.

43. A method according to Claim 42, wherein said
5 contacting step comprises flowing said stream through a

single packed or fluidized bed containing said composite
material for removal of selected metal ion or ions from said
stream containing multiple metal ions.

10 44. A method set forth in Claim 43 in which the
selected metal ion is Cu{II)

.

45. A method of making a composite material
suitable for removing heavy metal ions from fluid waste

15 streams comprising the steps of:

providing an inorganic substrate having a

terminal hydroxy group;

covalently attaching a titanizing agent to

the oxygen of said terminal hydroxy group; and

20 covalently attaching an amine to titanium
atoms of said titanizing agent.

46. A method according to Claim 45, wherein said
titanizing agent is titanium (IV) chloride and said amine is

25 n-butylamine.

47. A composite material suitable for removing

heavy metals from waste streams having the formula:

R w— Si R 10 (II)

wherein Rg

1) at least one of R9 , R 10 or RX1 is SUPPORT-O-

3 5 and R12 is
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5

wherein:

a) R13 is

i) an unsubstituted or lower aryl or

lower alkyl substituted saturated hydrocarbon chain having

10 1-20 carbon atoms,

^19 ^1

8

N* R 1S

R,.

15

wherein R17-R20 are the same or different and are -H or

-(CH2 ) fCH3f where f is an integer from 0-20 and e is an

integer from 1-5, or

iii) (CH 2 )„— N— (CH,),

—
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and g is 1-10, h is 1-10, j is 1-20, k is 1-5, m is 0-10,

and X" is a chlorine, bromine or iodine ion;

b) two or three of R14 , R15 and R16 are

-(CH2 ) mCH3 ,

5

(CH.K^Qn oi — (CM,—/Q\ ,

and other of R14 , R15 and R16 are H; and

2) other of R9 , R10 and Ru are R12 or

10 unsubstituted or halo- substituted alkyl groups having from

1-5 carbon atoms.

48. A composite material according to Claim 47,

wherein R9 ,
R10 and Rn are SUPPORT- O- , R13 is -(CH2 ) 3 and R14 ,

15 R15 and R16 are -CH 3 .

49. A method of removing heavy metal ions from a

liquid stream comprising the step of contacting the stream

with a composite material under conditions effective to

20 complex said heavy metal ions on said composite material,

said composite material having the formula:

R 12 S i R

25

1 0
(II)

wherein '

1) at least one of R 9 ,
R10 or Ru is SUPPORT-O-

and R12 is

30

—R,3
—

R,4

N* R 15

wherein

35 a) R13 is
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i) an unsubstituted or lower aryl or

lower alkyl substituted saturated hydrocarbon chain having

1-20 carbon atoms,

R
1 9 ^1 8

5 wherein R17 -R20 are the same or different and are -H or

-(CH2 ) fCH 3 , where f is an integer from 0-20 and e is an

integer from 1-5, or

H X'

iii) — (CH 2 ) B

- -N (CH 2 )»

R 2 ,

wherein R21 is (CH2 ) mCH 3 ,

and g is 1-10, h is 1-10, j is 1-20, k is 1-5, m is 0-10 and

X' is a chlorine, bromine, or iodine ion;

15 b) two or three of R14 ,
R1S and R16 are

-(CH2 ) mCH3 ,

— t CH*K^C^N 0f
— (CH2,k^\L^ •

2 0 and other of R14 , R15 and R16 are H; and
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2) other of R 9 ,
R10 and Rn are R12 , or

unsubstituted or halo-substituted alkyl groups having 1 to 5

carbon atoms.

5 50. A method according to Claim 49, wherein said

contacting step comprises flowing said stream through a

single packed or fluidized bed containing said composite

material for removal of selected metal ion or ions from said

stream containing multiple metal ions, separating a selected

10 metal ion or metal ions from a plurality of other ions

including Ca(II) and Mg(II).

51. A method set forth in Claim 50 in which the

selected metal ions are anionic oxyanions of metal ions and

15 anionic complexes of metal ions.

52. A method according to Claim 51, wherein the

selected anionic oxyanion is CrO**, MoOj~, or TcO; alone or in

combination.

20

53. A method according to Claim 51, wherein the

selected anionic complex is SbCl^, AuCl; or U02C1J" alone or

in combination.

25 54. A method of making a composite material

suitable for removing heavy metal ion from fluid waste

streams comprising the steps or:

providing an inorganic substrate having

terminal hydroxyl groups;

30 providing a quaternary amine containing

silane compound; and

covalently attaching said quaternary amine

containing silane compound to the oxygen of said terminal

hydroxyl group.

35
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55. A method according to Claim 54, wherein said

quaternary amine containing silane compound is triethoxy-

silyl-propyltrimethyl ammonium chloride.

5 56. A composite material suitable for removing

heavy metals from waste streams having the formula:

10 R24

T i

122

R»

( IV)

wherein

1) one or both of R2 « and R25 is SUPPORT-O- and

other of R22 ,
R23 ,

R2, and R25 are the same or different and

are

R35 R 2 ?

15 a) N R 26 N* R 2 ,

H*X- R 2 9

X'

wherein
i) R26 is

a) an unsubstituted or lower aryl

or lower alkyl substituted saturated hydrocarbon chain

20 having 1-20 carbon atoms, or

\
R s «

b) — ICH,).—(O) ICH.J

\
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wherein v is an integer from 0-5, w is an integer from 1-5,

R30 -R33 are the same or different and are -H or -(CH2 ) dCH3

wherein d is an integer from 0-20 or

c) — (CH 2 ),

H X"

-N (CH 2 ]2 Jq

R34

5 wherein R34 is

(CH 2 j d CH,.— (CH 2 ),—(Qn
_ or

10 (CH 2 ), n
wherein p and q are the same or different and each is an

integer from 1-10, r is an integer from 1-20, t is an

integer from 1-5 and X" is a chlorine, bromine, or iodine

15 ion; and

ii) R35 and two of R27 , R28 and R29 are

[CH 2 ) d CH 3
. (CH 2 ) t \(^N

o r

20

(CH 2 ) t (( ),

and other of R27 ,
R26 and R29 are H; or

'35

b) N R 36

H X

"
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wherein R35 is as defined above and R36 is

i) an unsubstituted or lower alkyl or

lower aryl substituted, saturated hydrocarbon chain having

1-20 carbon atoms; or

5

wherein R30-R 3 3 and R37 are the same or different and are -H or

-<CH2 ) UCH 3
wherein u is an integer from 0-20.

57. A method of removing heavy metal ions from a

10 liquid stream comprising the step of contacting the liquid

stream with a composite material under conditions effective

to complex said heavy metal ions on said composite material,

said composite material having the formula:

15
T i

*2
/
/

( IV)

R 23

wherein

1) one or both of R24 and R25 is SUPPORT-O- and

20 other of R22 ,
R23 ,

R24 and R25 are the same or different and

are

135

a) N R 26

H X'

R 2
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wherein

i) R26 is

a) an unsubstituted or lower aryl

or lower alkyl substituted saturated hydrocarbon chain

5 having 1-2 0 carbon atoms, or

b) CH 2 )

R 32 R 31

wherein v is an integer from 0-5, w is an integer from 1-5

and R30-R33 are the same or different and are -H or -(CH2 ) dCH 3

wherein d is an integer from 0-20, or

H X'

10 C) (CH 2 ) p
N (CH 2 ) q

15

wherein R34 is

(CH 2 ) d CH 3
, (CH 2 ) t \0 N

: 01

(CH 2 ), (( ))

wherein p and q are the same or different and each is an

integer from 1-10, r is an integer from 1-20, t is an

20 integer from 1-5 and X'is chlorine, bromine or iodine ion and
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ii) R3S and two of R2,, R28 and R29 are

(CH 2

— ICH.l, <^>

and other of R27 , *2b and R2» are H;

I

b) N— R 36

H*X'

10 wherein R35 is as defined above and R36 is

i) an unsubstituted or lower alkyl or

lower aryl substituted, saturated hydrocarbon chain having

1-20 carbon atoms; or

ii) [CH,) V—^Q^ R 3 r

R32 B 31

15 wherein R30-R33 and R37 are the same or different and are -H or

-(CH2 ) UCH 3
wherein u is an integer from 0-20.

58. A method of making a composite material

suitable for removing heavy metal ions from fluid waste

20 streams comprising the steps of:
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providing an inorganic substrate having a

terminal hydroxy group;

covalently attaching a titanizing agent to

the oxygen of said terminal hydroxy group;

5 covalently attaching an amine to titanium

atoms of said titanizing agent; and

covalently attaching a halosubstituted

hydrocarbon to a nitrogen atom of said amine.
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